We have adapted the whole-mount in situ hybridization technique to perform high-throughput gene expression analysis in mouse embryos. A large-scale screen for genes showing speci®c expression patterns in the mid-gestation embryo was carried out, and a large number of genes controlling development were isolated. From 35 760 clones of a 9.5 d.p.c. cDNA library, a total of 5348 cDNAs, enriched for rare transcripts, were selected and analyzed by whole-mount in situ hybridization. Four hundred and twenty-eight clones revealed speci®c expression patterns in the 9.5 d.p.c. embryo. Of 361 tag-sequenced clones, 198 (55%) represent 154 known mouse genes. Thirty-nine (25%) of the known genes are involved in transcriptional regulation and 33 (21%) in inter-or intracellular signaling. A large number of these genes have been shown to play an important role in embryogenesis. Furthermore, 24 (16%) of the known genes are implicated in human disorders and three others altered in classical mouse mutations. Similar proportions of regulators of embryonic development and candidates for human disorders or mouse mutations are expected among the 163 new mouse genes isolated. Thus, high-throughput gene expression analysis is suitable for isolating regulators of embryonic development on a large-scale, and in the long term, for determining the molecular anatomy of the mouse embryo. This knowledge will provide a basis for the systematic investigation of pattern formation, tissue differentiation and organogenesis in mammals. q
Introduction
The molecular investigation of pattern formation and organ development in model systems relies on the isolation and functional analysis of the genes controlling these processes. Functional approaches applied in genetic, embryological or cell culture experimental systems provided the main source of material for studying and cloning genes controlling development. In recent years, random mutagenesis screens using g-irradiation or chemical mutagens have been performed in several model organisms and have identi®ed many essential loci required for normal embryonic development (Meneely and Herman, 1979; NussleinVolhard and Wieschaus, 1980; Mullins et al., 1994; Driever et al., 1996; Haffter et al., 1996) .
In the mouse, several mutagenesis screens have been undertaken on a limited scale (Bode, 1984; Justice and Bode, 1988; Shedlovsky et al., 1988; Rinchik, 1991 ). Yet, saturation mutagenesis screens of the whole genome, such as those attempted in the zebra®sh Danio rerio, would be very dif®cult to undertake in the mouse. In addition, the isolation of mutated genes by positional cloning in vertebrates requires tremendous efforts (Gubbay et al., 1990; Herrmann et al., 1990 ). An alternative method for inducing mutations is the random insertion of exogenous DNA into the mouse genome (Soriano et al., 1986; Jaenisch, 1988) . The main advantage of this approach is the ease of identifying the mutated gene. In particular, gene trapping in embryonic stem (ES) cells via random integration of a reporter cassette into active transcription units (Gossler et al., 1989) allowed to produce mutations on a large scale (Friedrich and Soriano, 1991; Wurst et al., 1995; Chowdury et al., 1997;  reviewed in Kitajima and Takeuchi, 1998; Zambrowicz and Friedrich, 1998; Joyner et al., 1992) . This method is bound to eventually provide mutations in thousands of loci.
However to date, it is not clear what fraction of the genes is accessible to transgene integration. Furthermore, the type of mutation created is rather uncertain.
Targeted mutagenesis in ES cells, on the other hand, permits the loss of function analysis of virtually any known mouse gene in the context of the developing embryo or adult organism (Koller et al., 1989; Capecchi, 1989) . Therefore, genes identi®ed by molecular approaches can immediately be subjected to functional analyses. This technique, permitting the introduction of any mutation designed in vitro back into the mouse, has become the leading strategy for functional analysis of mouse development. To date, this method has been mostly applied to mouse genes whose functional importance was already suggested by studies in other experimental model systems.
In recent years several thousand novel genes have been identi®ed through random sequencing of cloned cDNAs (ESTs) (Adams et al., 1991 (Adams et al., , 1995 . However, while sequence data may give hints on the biochemical function of a protein, provided a known functional domain is found, they do not reveal its biological role in the organism. Although these genes are all readily available for functional analyses, other criteria will be needed to identify the cDNAs falling into one's area of interest.
Whole-mount in situ hybridization of embryos (WISH) allows the expression analysis of cloned genes (Herrmann, 1991; Wilkinson, 1992) . Novel genes are most readily isolated from cDNA libraries. The expression pattern, provided it is temporally and spatially restricted in the embryo, allows an assignment of the gene function to a particular tissue or organ and may give valuable hints about the possible role of a gene in embryogenesis. Coexpression of genes in the same cell type or process may hint to functional interactions. This information can serve as important criteria for the selection of particular genes for further analysis. In addition, the expression pattern may provide a link between a gene sequence and a mutant phenotype obtained in independent experiments, provided that the chromosomal location is known for both.
Screens for novel regulators of embryonic development on the basis of gene expression and sequence data have been previously performed on a small scale in mouse (Harrison et al., 1995; Bettenhausen and Gossler, 1995) . A larger screen has been carried out in Xenopus: several hundred novel genes have been isolated, providing an important gene resource for studying embryogenesis in Xenopus (Gawantka et al., 1998) .
The majority of the cDNA clones obtained from a midgestation mouse embryo are derived from a small fraction of the genes expressed, and are represented multiple times in the transcript pool (Meier-Ewert et al., 1998) . Thus, to avoid repeated expression analysis of the same genes it is desirable to either cluster cDNA clones by tag-sequencing or ®nger-printing, or to reduce the redundancy by applying normalization or subtraction techniques, prior to determination of the expression patterns in the embryo (Harrison et al., 1995) .
In this work, we present a reliable strategy for screening large numbers of genes for their expression pattern in the mouse embryo. This forms the basis and ®rst stage of a large effort aiming at determining the molecular anatomy of the mid-gestation mouse embryo, thus providing molecular tools for the analysis of mammalian embryogenesis.
Results
During embryogenesis, cell and tissue diversi®cation depend on the differential expression of control genes, which is readily revealed by in situ hybridization on histological sections (ISH) or in whole-mount embryos (WISH). Tissue or stage speci®c cDNA libraries provide a good source of virtually all expressed genes. Therefore, genes controlling embryogenesis should be identi®able by whole-mount in situ hybridization of mouse embryos, using cDNA clones selected from an appropriate library as the source of probes.
However, to isolate such genes on a large scale at reasonable ef®ciency it was necessary to develop a strategy for high-throughput whole-mount in situ hybridization (HI-WISH) and a simple scheme for the enrichment of speci®-cally expressed genes among cDNA clones selected for expression analysis.
High-throughput whole-mount in situ hybridization
In the mouse, in situ hybridization has been mostly used to analyze a small number of genes at a time and no particular effort was made to optimize the procedure. Time and labor consuming steps are required for cDNA isolation, puri®ca-tion, and processing for expression analysis in embryos. Furthermore, WISH is carried out in single tubes, thus requiring the repeated handling of individual samples.
An ef®cient protocol for analyzing several hundred genes in parallel by high-throughput whole-mount in situ hybridization (HI-WISH) must ful®l the following conditions: (i) cDNA clones should be present as single isolates and immediately be available for processing; (ii) the number of steps necessary to prepare riboprobes should be reduced to a minimum; (iii) WISH should be carried out in parallel for a large number of cDNAs clones.
Following these guidelines our protocol was based on (i) PCR as a means for preparing DNA templates for antisense RNA transcription, and (ii) the use of multi-well chambers (i.e. 96-well plates) for carrying out all steps of the procedure.
The cDNA library was prepared by directional cloning of cDNA inserts into a plasmid vector and transformation into a bacterial host (Fig. 1) . Single clones were repicked by a robot into 384-well plates for expansion and storage (MeierEwert et al., 1993) . Clones selected for HI-WISH analysis were repicked into a 96-well plate and grown in microcultures. The subsequent steps were all accomplished in 96-well plates. For cDNA insert preparation, PCR reactions were set up with an aliquot of the bacterial culture containing the template. The PCR primers were anchored in the vector such as to include promoters for sense and antisense RNA transcription on either side of the cDNA template.
PCR ampli®ed inserts were con®rmed by gel electrophoresis and used directly, without further puri®cation, for antisense RNA transcription. Finally, the WISH procedure was carried out in ®lter-bottom 96-well plates. These plates retain liquids but can be drained via the ®lter on a vacuum chamber. For the whole procedure, up to four plates (i.e. 384 cDNA clones) were conveniently processed simultaneously over 5 days.
Mid-gestation mouse embryos
We have chosen the 9.5 days post coitum (d.p.c.) mouse embryo for cDNA library construction and gene expression analysis for several reasons. Primarily, this stage covers a wide range of embryonic processes, from mesoderm and pattern formation at the caudal end to early organogenesis. Therefore, a large number of genes expressed at this stage should be involved in important embryonic processes. Moreover, 9.5 d.p.c. embryos are suf®ciently small to ®t conveniently into a single microtiter plate well and do not require shaking during WISH. Finally, they are readily isolated from the uterus of pregnant females in large numbers and can be stored over long periods of time.
Selection of cDNA clones for HI-WISH analysis
In a pilot experiment we tested what fraction of randomly selected clones from our 9.5 d.p.c. cDNA library showed a speci®c expression pattern in the embryo. Nine hundred and eighty-nine cDNA clones were randomly picked and assayed by HI-WISH in 9.5 d.p.c. embryos. Fifty-six clones (5.7%) showed a speci®c expression pattern, 7 (12.5%) of these clones were speci®c for blood cells (Table 1 , and data not shown). Among 19 cDNAs selected for single pass sequencing, most clones (14/19) corresponded to known vertebrate genes, including several genes known to play important roles in development: Msx1, Tbx3, CRABP, Wnt5b, endoglin. Most of the other clones were derived from genes encoding structural proteins (data not shown). Two cDNAs matched with EST sequences of functionally uncharacterized (new) genes. One of them, the pairedhomeobox gene Uncx4.1, coincidentally cloned by others (Rovescalli et al., 1996; Mansouri et al., 1997; Neidhardt et al., 1997) has been studied in detail (Leitges et al., 2000; Mansouri et al., 2000) . This experiment showed that only about 6% of all cDNA clones show a speci®c expression pattern, whereas 94% are expressed ubiquitously or differentially (e.g. higher expression in particular organs) or were not detectable by WISH. However, several clones were derived from known genes controlling development, demonstrating that gene expression screening is suitable for isolating such genes, but also that an enrichment for speci®cally expressed genes is needed in order to isolate the desired gene class with reasonable effort.
Ideally one would like to analyze only a single cDNA per gene. However, gene catalogues are only just emerging and are not yet available for speci®c embryonic tissues or stages. Alternatively, selection against redundant clones is likely to enrich for speci®cally expressed genes expected to be under-represented in a library constructed from total embryo RNA. Therefore, low density colony ®lters were prepared by spotting and processing of 9.5 d.p.c. library clones using a robotic device (Meier-Ewert et al., 1993) , and two enrichment schemes were tested. In separate experiments, ®lters were hybridized at high stringency with radioactively labeled cDNA pool probes prepared from mRNA of either 12.5 or 9.5 d.p.c. embryos. Clones showing no or a low signal on the autoradiogram were selected for further analysis.
In the ®rst experiment, colony ®lters of the 9.5 d.p.c. embryo cDNA library were hybridized against probes prepared from 12.5 d.p.c. embryo cDNA. Only those genes expressed at a moderate to high level in 12.5 d.p.c. embryos should be detected among the clones of the 9.5 d.p.c. cDNA library. The clones that are under-represented or absent in the pool of 12.5 d.p.c. embryo cDNA should only produce a weak or no signal.
In the second experiment, another set of 9.5 d.p.c. embryo cDNA library ®lters was hybridized at high stringency against probes prepared from 9.5 d.p.c. embryo cDNAs. The intensity of the signal on the autoradiogram obtained from each cDNA colony is proportional to the abundance of the corresponding gene in the probe pool, provided the signal is above the detection limit. This scheme, E9.5 minus E9.5, allows a good estimation of the abundance of the genes, represented by individual cDNA clones, in the library, and permits selection against abundant clones.
After colony ®lter hybridization of 25 392 individual cDNA clones of the 9.5 d.p.c. embryo cDNA library against labeled cDNA from 12.5 d.p.c. embryos, 4595 (18.1%) clones showed no or a very faint signal and were repicked for further processing (Table 1) . Three thousand, seven hundred and thirty-seven cDNA clone inserts (81.3%) ful®lled the size criterion (an insert must be larger than 300 bp) and were subjected to HI-WISH analysis. In the second experiment, ®lters representing 10 368 cDNA clones were hybridized against cDNA derived from 9.5 d.p.c. embryo mRNA. Only 682 clones (6.6%) showed no or a faint signal and were repicked. Six hundred and twentytwo clones with adequate insert size (91.2%) were analyzed by in situ hybridization.
HI-WISH screening
In total, 35 760 clones of the 9.5 d.p.c. embryo cDNA library were evaluated by ®lter hybridization. Five thousand, three hundred and forty-eight clones were analyzed by HI-WISH, of which 428 clones (8.0%) showed a tissue speci®c expression pattern in the mid-gestation embryo (Table 1) . From the ®rst selection scheme (E9.5±E12.5), 261 (7.0%) clones showed a tissue speci®c expression. The remaining clones analyzed showed either no or a very low ubiquitous hybridization signal (21.8%), medium (65.5%) or highly ubiquitous (12.8%) expression. From the second selection scheme (E9.5±E9.5), 111 clones (17.8%) showed a tissue speci®c expression; 48.8% of the remaining clones analyzed showed no or very low, 33.3% medium and 17.9% a high ubiquitous expression signal.
Thus, the percentage of clones showing a speci®c expression pattern was increased from 5.7% among randomly selected cDNA clones to 17.8%, among low abundance genes, a 3-fold enrichment. In addition, there is a qualitative difference between speci®cally expressed genes selected randomly and those selected from low abundance transcripts. The latter group is enriched for genes expressed in few regions or cells of the embryo and thus under-represented in the transcript pool, while the former group has a high proportion of genes widely (but speci®cally) expressed in the body, and thus would be analyzed repeatedly among randomly selected cDNAs (e.g. 12.5% of randomly selected genes were expressed in blood cells).
A large fraction of cDNAs represented at a low proportion in the cDNA library nevertheless are derived from ubiquitously expressed genes detectable by in situ hybridization, and another large proportion of cDNAs is derived from genes expressed at an undetectable low level. The former gene class con®rms that WISH is more sensitive than ®lter hybridization using a cDNA pool as probe, as expected. It also argues against doubts that speci®cally expressed low abundance transcripts (the desired genes) may be excluded by this selection procedure. The latter gene class may consist of genes expressed at low copy number per cell. Given the fact that cDNAs were selected from the low abundance class, these observations suggest that only a minor fraction of all genes in the genome are expressed in a tissue speci®c manner.
Genes showing expression in all organ anlagen and body parts of the 9.5 d.p.c. embryo have been observed in this work (Fig. 2) . In the majority of cases a complex pattern of expression was detected which could not be assigned to a speci®c process or organ. However, a considerable fraction of genes showed speci®c expression patterns in a single or few domains or organs. Examples are expression in the gut, heart, blood vessels, blood, eye or sub-regions of the central nervous system. In particular, expression in the neural tube and/or brain or a speci®c subdomain thereof has been detected rather frequently (not shown). This is also true for expression in presomitic and/or somitic tissue. A higher incidence of speci®cally expressed genes in one of these latter organs may correspond to the relatively large fraction of the embryo occupied by these two organ anlagen combined with the patterning and diversi®cation processes ongoing in these tissues. In concordance with these arguments, for instance, expression in the gut or the notochord was found quite rarely (not shown).
In a number of cases we found genes showing very similar expression patterns. Two types of co-expression (also called`synexpression' groups in the Xenopus screen (Gawantka et al., 1998) ) can be distinguished: (i) expression in particular cell types, e.g. muscle cells, blood, blood vessel endothelial cells, neural crest cells, or neuroblasts; (ii) coexpression in various, otherwise unrelated, cell types or domains. The former type was found quite commonly and many of these cell type speci®c genes turned out to encode structural proteins. The latter co-expression groups have been observed less frequently. The best examples for this category are Notch1 and Delta3, both involved in somitogenesis and neurogenesis and belonging to the same genetic regulatory pathway (not shown).
To date, the modest size of these groups probably is due to the relatively small gene sample analyzed in this screen, when compared to the total number of speci®cally expressed genes expected in a 9.5 d.p.c. mouse embryo. Accordingly, more co-expression groups are expected to arise as our screens are expanding.
When the function of the genes identi®ed is not known, co-expression provides a good hint in order to focus further analyses, to test for interaction with known genes or to integrate the gene into known developmental pathways. When one member of a group of co-expressed genes is functionally characterized, experiments can be focussed on speci®c questions. Thus, the ®nding of co-expression groups provides a useful handle for de®ning putative functionally related groups of genes, comparable to the groups of mutant loci showing similar phenotypes inferred from largescale mutagenesis screens.
Isolation of known and`new' genes controlling embryogenesis
Single-pass sequencing of 361 cDNA clones and comparison to public data bases allowed their assignment to four groups (Table 1) . One hundred and ninety-eight cDNA clones (54.8%) are derived from known mouse genes, 23 (6.4%) showed no signi®cant matches, 98 (27.1%) matched with EST or KIAA sequences and 42 (11.6%) showed similarities (.80% identity) with genes identi®ed in other species (mostly human or rat). Thus, roughly half of the cDNAs is derived from uncharacterized (`new') mouse genes.
Among the known mouse genes, 132 cDNAs represented single isolates, whereas 66 (33%) were selected and analyzed by WISH more than once ( Table 2 ). The latter group consists of 22 genes, of which ten were represented twice, six three times, four four times, one ®ve times and one seven times. Thus, on average, four cDNAs showing a speci®c expression pattern represent three independent genes. Table 3 shows the complete list of known mouse genes identi®ed by cDNAs showing a speci®c expression pattern. Genes were grouped according to functional criteria. Genes involved in transcriptional regulation represent the largest group (25% of the known genes, Table 4 ). For many of them their importance in developmental processes has been demonstrated (e.g. ®ve Hox genes, four T-box genes including Brachyury (T ), Pax9). The second largest group (21%) consists of genes involved in inter-or intracellular signaling. Mid-gestation embryos undergoing pattern formation and organogenesis require many tissue speci®cally expressed genes of such function. The high proportion of such genes identi®ed here demonstrates that gene expression screening is very powerful in detecting genes controlling development. Interestingly, the third largest group of genes encodes structural proteins (18%) emphasizing the rapid onset of cellular differentiation following induction of particular cell types or organ anlagen. Another large group encodes enzymes (15%).
Searches in the Gene Expression Database (GXD; Ringwald et al., 1999) of the Mouse Genome Database (MGD; Blake et al., 1999) revealed that 37% of the known genes identi®ed have not been described in embryos, and that for a considerable proportion, only a limited set of embryonic expression data is available (Table 3) . Thus, our expression data may suggest new roles for known genes in embryonic development.
Mouse mutations and human disorders
Twenty-four (16%) of the known genes identi®ed represent mouse orthologs of genes involved in human disorders (Table 5) . Among them are Wilms tumour 1 (Wt1), ulnarmammary syndrome (Tbx3), Saethre-Chotzen syndrome (Twist), and hypodontia (Msx1). Many of the genes involved in human mutations encode structural proteins or enzymes. Three genes have been isolated which are altered in classical mouse mutations. These are Brachyury, Wnt7a and Deltalike-3 respectively altered in the T (Herrmann et al., 1990) , postaxial hemimelia (Wnt7a , px . ) (Parr et al., 1998) and pudgy (Dll3 , pu . ) (Kusumi et al., 1998 ) mutant loci. Remarkably, many of the mutations listed in Table 5 , including two of the three mouse genes, have been isolated by positional cloning.
Discussion
The identi®cation and isolation of genes controlling development is critical for achieving rapid progress in understanding the ontogeny of complex organisms. Here we describe a high-throughput gene expression analysis system based on the HI-WISH technique, allowing the large-scale identi®cation and isolation of genes transcribed in speci®c cell types or organ anlagen of the mouse embryo. The screening strategy is based on standard techniques available to most embryology laboratories. Thus, it can be applied by a large part of the research community. In this study, 5348 cDNAs selected from 35 760 clones of a 9.5 d.p.c. embryo cDNA library have been analyzed in the mid-gestation mouse embryo. cDNA clones were selected either at random or from low abundance clones identi®ed by cDNA ®lter hybridization against cDNA pools derived from 12.5 or 9.5 d.p.c. embryos. Up to 17.8% of the cDNA clones subjected to HI-WISH analysis revealed a speci®c expression pattern. Roughly half of these clones (54.8%) are derived from known mouse genes of which many have been shown to play an important role in mammalian development. Twenty-®ve percent of the 154 known genes identi®ed (represented by 198 cDNAs) encode transcriptional control factors, 21% signaling molecules, and 37% have not been described in embryos. Sixteen percent of the known genes isolated are orthologs of genes involved in human disorders (Table 5 ). These data demonstrate the high ef®ciency of our gene expression screening strategy in identifying mammalian genes controlling development and candidate genes for human disorders. It is expected that a similar proportion of such genes will be identi®ed among the 163 new (uncharacterized) genes isolated in this screen, thus providing a large gene resource for the functional analysis of developmental processes and for human molecular medicine.
A highly ef®cient screening strategy
The advantages of our approach lie in the feasibility and ef®cacy of isolating genes controlling embryonic development, and in the fact that the isolated genes are immediately available for analysis. This contrasts with screening approaches identifying developmental regulators by random mutagenesis, yet whose isolation requires large efforts. Our strategy requires only a reliable source of cDNA clones and mouse embryos, material which is available to many laboratories. More than 1000 embryos can be readily isolated per week and person. With our HI-WISH protocol, as many as 384 cDNAs (4 £ 96-well plates) can be analyzed in parallel within one week by a single person, thus allowing the analysis of thousands of genes within a short time period. In practice, the in situ analysis and evaluation of 1000 selected cDNA clones can be done in approximately 6 months. Meanwhile, robotic devices are available which carry out most of the WISH procedure semi-automatically (Plickert et al., 1997) . This facilitates transfer of the HI-WISH technology to many laboratories. Screening would now be feasible even on a larger scale (e.g. 10 000 cDNAs per year on one in situ robot). For instance, applying a scale similar to that of large sequencing projects, even 100 000 cDNAs/genes could be assayed in 1 year. The limiting step of such a screen would be the evaluation of the expression data (see below).
In our experience, on average about 80 new genes (putative orthologs, ESTs, novel genes) showing a speci®c expression pattern and 30 known genes which have not been analyzed in embryos, are found in a sample of 1000 cDNAs selected from non-abundant transcripts, a wealth of genes ready for analyses of function in speci®c developmental processes.
Screening ef®ciency is increased by cDNA preselection
The selection of cDNAs on the basis of low abundance proved to be a simple and ef®cient method for enrichment of speci®cally expressed genes controlling development. This selection scheme is fast and only requires standard library plating and screening techniques. Though we have utilized robotic devices for colony picking and spotting for convenience, common colony screening techniques are also perfectly suitable for the detection of rarely represented genes.
The comparison of data obtained with three cDNA selection procedures applied in this study shows that the enrichment for desired cDNA clones is highest when cDNAs are selected on the basis of low abundance in the transcript pool from which the cDNA library was prepared (E9.5 minus E9.5 clones). This correlates with the percentage of clones that can be selected against on the basis that they are detectable by colony ®lter hybridization. A cDNA probe derived from 12.5 d.p.c. embryo RNA detected 81.9% of the 9.5 d.p.c. cDNA clones, while a cDNA probe made from 9.5 d.p.c. RNA detected 93.4% of the cDNA clones (Table 1) . This difference likely re¯ects a change in the gene expression pro®le from 9.5 to 12.5 d.p.c. Many transcripts that are moderately to highly represented in 9.5 d.p.c. embryos may be under-represented at 12.5 d.p.c., either because the genes are down-regulated or because the expression domain occupies a relatively small part of the whole embryo.
In parallel with a more stringent selection, the number of tissue speci®cally expressed genes increased 2.5-fold from 7.0 to 17.8% among selected cDNAs. Importantly, the most stringent selection scheme allowed a signi®cant reduction of the number of clones subjected to HI-WISH analysis without resulting in a reduction of the number of speci®cally expressed genes identi®ed. Indeed, the proportion of speci®cally expressed genes identi®ed among the total number of clones subjected to the pre-selection schemes (261/25 392 vs. 111/10 368) is identical in both experiments (1%). This clearly demonstrates that speci®cally expressed genes are over-represented among very low abundance transcripts and can be strongly enriched by this simple selection scheme.
Of course, the selection of low-abundance clones excludes most abundantly expressed genes from WISH analysis, including genes speci®cally transcribed in cells found throughout the embryo. Genes expressed in endothelial, blood or neural tissues, or genes expressed throughout an entire embryonic layer (e.g. mesoderm, neuroectoderm) might be selected against. This assumption is supported by the fact that 12.5% of the randomly chosen cDNA clones, but only about 5.9% of the low abundance cDNA clones showed speci®c expression in blood cells.
Of technical relevance is the fact that the proportion of clones with no or short cDNA inserts is also enriched by our pre-selection procedure, thus pointing to the importance of using cDNA libraries of suitable quality.
We have shown that only roughly 18% of the low abundance cDNA clones of the 9.5 d.p.c. library represent speci®cally expressed genes, with a high proportion of regulators of development. This differs from the high percentage (26%) of speci®cally expressed genes found among randomly selected cDNAs in a similar screen for genes controlling development in Xenopus laevis (Gawantka et al., 1998) . The basis for this difference is unclear.
Genes are immediately available for functional analysis
In the previous decade, ENU mutagenesis has become the main strategy for identifying essential regulators of embryonic development (Driever et al., 1996; Haffter et al., 1996; Bode, 1984; Shedlovsky et al., 1988; Rinchik, 1991) . Many essential genes have been identi®ed, thus proving this strategy successful (Meneely and Herman, 1979; Nusslein-Volhard and Wieschaus, 1980; Mullins et al., 1994; Driever et al., 1996; Haffter et al., 1996) . Yet, several observations suggest that ENU mutagenesis screens in vertebrates likely reveal only a subset of important gene functions required for pattern formation, differentiation and organogenesis: (i) mutant phenotypes may be masked by a complementing gene (e.g. by a co-expressed gene family member); (ii) early embryonic lethality may obscure a later function of the same gene; (iii) quantitative trait loci (modi®ers) in the genetic background of the target strain may suppress a phenotype; (iv) subtle phenotypes may be missed. Moreover, in vertebrates, large efforts are required to identify mutations in a large proportion of the genes and to subsequently isolate individual mutant loci by positional cloning.
In contrast, the resources generated by high-throughput gene expression analysis are immediately available for biochemical and functional studies, as well as for candidate gene identi®cation. Targeted mutagenesis by homologous recombination in ES cells can then be employed for the generation of loss-of-function alleles. Gain of function experiments using ectopic expression of mouse gene products in Xenopus, zebra®sh or chick embryos may also provide useful functional data, since protein functions are often highly conserved across distant species.
Dissecting genetic pathways
The expression pattern provides a valuable clue in the evaluation of the potential role carried by a newly identi®ed gene sequence. In the Xenopus screen, a new gene, remarkable by its expression pattern similar to that of BMP-4, was subsequently shown to play an important role in the TGF-b signaling pathway (Onichtchouk et al., 1999) . The work presented here has, for example, identi®ed Dll3 and Notch1, genes involved in somitogenesis, and several new genes co-expressed with these genes. They may now be analyzed with respect to their role in somitogenesis and possible interaction with the Delta/Notch signaling cascade. Another example is the identi®cation of Uncx4.1, a pairedrelated homeobox gene expressed in the caudal half of the somite and later in the sclerotome (Neidhardt et al., 1997) . Uncx4.1 plays an essential role in the compartmentalization of the sclerotome where it interacts with Pax9 in the formation of the pedicles and proximal ribs. In these elements of the vertebral column, Uncx4.1 controls the expression of Sox9, a factor required for mesenchyme condensation and chondrogenesis (Leitges et al., 2000; Mansouri et al., 2000) .
New expression domains for known genes
Another interesting ®nding of the screen was the detection of previously undescribed embryonic expression patterns of known genes, identifying new potential roles for these genes during embryogenesis. In total, 37% of the known genes we identi®ed have not been described in embryos. One example is the observation of Lef1 expression in the presomitic mesoderm, underlining the recent ®nding that Lef1 plays an important role in the differentiation of paraxial mesoderm. This function of Lef1 was only revealed in mutants lacking both Lef1 and its family member Tcf1 which are expressed in overlapping domains in the embryo (Galceran et al., 1999) . The lack of a phenotype in paraxial mesoderm of Lef1 mutant embryos also provides a good example for masking of an important gene function by a complementing gene, and this would not be detectable by random mutagenesis screening.
Candidate genes for mouse mutations and human disorders
Genes isolated in our screen may also highly facilitate the identi®cation of mutant loci of the mouse and the human. This is most strikingly demonstrated by the fact that 24 (16%) of the genes isolated in this study are orthologs of genes implicated in human disorders. If that proportion is also found among the new genes isolated in this work, we could expect to ®nd at least 17 genes for which a mutant phenotype or genetic disorder has been reported, but the responsible sequences have not been identi®ed.
Two of the few genes isolated by positional cloning approaches in mouse, Brachyury (T ) and Dll3 pu , were identi®ed in our screen. Positional cloning is very labor and cost intensive. Thus, our approach promises to identify genes involved in human disorders or mouse mutations with a minimal effort. There is also a high potential for identifying candidates for zebra®sh mutants discovered through ENU mutagenesis. Of course, the chromosomal mapping of the genes isolated in our screen as well as of the mutant loci in all three species is a prerequisite for the identi®cation of candidate genes.
Perspectives
The gene expression screening system employed here is especially powerful for the identi®cation of new genes speci®cally expressed in particular cell types or organ anlagen of the embryo. The likelihood of ®nding such speci®-cally expressed genes is much higher for a tissue speci®c than for a whole embryo cDNA library (Wertz and Herrmann, 2000, and unpublished results; Harrison et al., 1995; Hwang et al., 1996; Gupta et al., 1998) . Thus, screening of embryonic organ speci®c libraries is an extremely powerful tool for the identi®cation of several dozens of new genes expressed in a particular organ of interest in a small scale screen (e.g. 1000 cDNA clones).
On a larger scale, an alternative method for cDNA clone pre-selection is single-pass sequencing of a large number of cDNA clones. This allows the assignment of cDNA clones to clusters and minimizes the number of WISHs to be carried out. Furthermore, normalization of cDNA libraries by oligonucleotide ®nger-printing allows the identi®cation of cDNA clusters and represents an attractive alternative to mass EST sequencing (Meier-Ewert et al., 1998; Poustka et al., 1999) . However, the customized pre-selection of cDNA clones using the latter two techniques is not generally available, in contrast to our set-up.
Now, as only a fraction of all genes is known and available in gene arrays, screening for speci®cally expressed genes is the method of choice to identify new genes playing important roles in particular processes, cell types or organs. In the near future, when all genes are known and available, a more systematic expression analysis of the 100 000 or more genes will be possible and needed. There is no doubt that this will be of great value for understanding embryonic development and related processes, such as regeneration of cell types or organs. We are now in the process of constructing a public and searchable data base providing sequence information, photographs and short pattern descriptions of the genes identi®ed in the screen that will be accessible via the home page of the Resource Center within the German Human Genome Project (www.rzpd.de).
Currently, procedures for acquisition and processing of in situ expression analysis results are inadequate for a thorough evaluation of large amounts of data. Many expression patterns are complex and thus description of the data can only be super®cial, even if done by experts. Inspection of the embryos usually allows only a rough assignment of the expression sites to embryonic structures rather than to particular cells. Thus, tools for automatic data acquisition and processing need to be developed, analogous to those developed for automated sequencing and sequence analysis in the past. Laser scanning microscopy (Kulesa and Fraser, 1999) or magnetic resonance imaging (Louie et al., 2000) techniques promise to allow data acquisition at cellular resolution by optical sectioning and quanti®cation of the signal. Automatic 3-D data processing software allowing a computer to recognize and assign expression sites precisely to cell types or tissues in the embryo needs to be devel- oped. This would allow the building up of expression catalogues at cellular resolution and facilitate handling and exploitation of ever increasing amounts of expression data, impossible to be managed by individual scientists.
As the complete sequencing of the human and mouse genomes begin to emerge, expression analysis of all genes identi®ed is the next challenge in the ®eld of modern mammalian genomics.
Experimental procedures

Embryos
Pregnant NMRI mice were dissected at 9.5 d.p.c. Embryos were routinely freed from extra-embryonic membranes, the neural tube was pierced open at the level of the hind brain to facilitate exchange of solutions and prevent background. Embryos were ®xed over night in 4% paraformaldhyde/PBS at 48C and dehydrated through a methanol series according to published procedures (Wilkinson, 1992) . They can be stored in methanol at 2208C for several months.
cDNA library construction
RNA derived from whole 9.5 d.p.c. embryos (excluding extra-embryonic membranes) was puri®ed twice on oligo(dT)-sepharose and oligo-dT primed for cDNA transcription using the SuperScript Plasmid System (Life Technologies). Size fractionated cDNA was directionally ligated into the plasmid vector pSV-Sport1 (Life Technologies). After transformation and plating at low density, individual clones were picked into 384-well microtiter plates and grown in microcultures thus generating a reference library (Meier-Ewert et al., 1993) . The picking of clones was carried out with a robot.
Preselection of cDNA clones
Single density ®lters were prepared either by hand, using plastic 384-pin hedgehogs, or by a spotting robot. Clones were grown on nylon N 1 ®lter membranes (Amersham) and processed according to standard techniques. First strand cDNA pools were synthesized with SuperscriptIIe reverse transcriptase (Life Technologies) using oligo(dT) primer and poly(A) 1 RNA isolated from 9.5 or 12.5 d.p.c. whole embryos, excluding extra-embryonic membranes. First strand cDNA was brie¯y boiled, chilled on ice and treated with DNAse-free RNAse to degrade mRNA templates. The single strand cDNA was precipitated and dissolved in TE. Fifty nanograms were labeled using 50 mCi 32 P-adCTP (3000 Ci/mmol; Amersham Pharmacia) and the T7 Quick Prime Kit (Amersham Pharmacia). Hybridization was carried out with approximately 250 000 cpm/ml of hybridization solution (7% SDS/0.5 M NaPi buffer pH 6.8/5 mM EDTA) at 688C for 24 h, ®lters were washed four times 20 min in 1% SDS/50 mM NaPi buffer pH 6.8 at 688C and exposed for 3 days on X-OMAT AR5 X-ray ®lm (Kodak) at 2808C with an intensifying screen.
Preparation of riboprobes
Non-or weakly hybridizing clones were re-picked by hand from the reference 384 well plate into 96-well plates, containing 100 ml LB/ampicilin/10% glycerol per well, and grown over night in moist chambers. The microcultures were replicated and stored frozen at 2808C, and used for PCR ampli®cation of the cDNA inserts. For the latter, up to 1 ml of each resuspended bacterial culture was added to 50 ml of PCR mix (vector based primer U5: 5 H -ACTCCGCC-CAGTTCCGCCCATTCT and L2: 5 H -AAGCAGCAAGCA-TATGCAGCTAGTTTAACACATTA; PCR conditions: 3 min 958C, 30 s 658C, 4 min 728C; 28 £ 30 s 958C, 30 s 658C, 4 min 728C; 30 s 958C, 30 s 658C, 8 min 728C; on PTC-100 (MJ Research)). The PCR products include promoters for Sp6 and T7 RNA polymerase adjacent to the 5 H -and 3 H -ends of the cDNA insert, respectively. Antisense RNA transcription of individual cDNA inserts was carried out in microtiter well plates in 10 ml total volume containing 0.4 mM of ATP, CTP and GTP each, 0.1 mM digoxigenin-UTP/ UTP mix (1:2 ratio; Roche), 3 ml of the PCR reaction, 10 units T7 RNA polymerase and T7 transcription buffer for 2.5 h at 378C. To avoid evaporation, the reaction chambers were sealed with Microseal`A' Film (MJ Research). The DNA template was removed by digestion with 1 ml (10 units) RNAse-free DNAseI (Roche) for 15 min at 378C. RNA transcripts were precipitated after addition of 20 mg yeast RNA (Type III, Sigma), NH 4 -acetate to a ®nal concentration of 2.5 M, and 3 volumes of ethanol prechilled to 2208C. The microtiter wells were spun 4500 rev./min (4050 g) in a table top centrifuge, the pellets washed with 100 ml of 70% ethanol (kept at 2208C), air dried and dissolved in 50 ml hydrolysis solution (40 mM NaHCO 3 /60 mM Na 2 CO3, pH 10.2). RNA hydrolysis was generally done for 15 min at 608C, thus generating riboprobes of 500 bp on average. The probe was used immediately or stored frozen at 2208C.
In situ hybridization
Embryos were re-hydrated and processed in batch as described (Wilkinson, 1992) , except that proteinase K treatment (10 mg/ml in PBT) was empirically optimized (usually 10 min at RT). After pre-hybridization, embryos were distributed into individual microtiter wells (two per well) of a Millipore MAHV S45 plate, except for well positions for which the PCR ampli®cation of the cDNA inserts failed or the inserts were less than 300 bp in length. Careful handling of the plates is necessary to avoid damage of the embryos or leakage. Solutions can be removed through the bottom membrane by suction. Hybridization was carried out overnight at 658C in 100 ml solution per well containing approximately 200±400 ng probe/ml (usually 2±2.5 ml of the probe in hydrolysis solution). Post-hybridization washes were essentially done as described (Wilkinson, 1992) with the following modi®cations. Wash solution 2 and RNAseA treatment were omitted, all washes were carried out at 658C; embryos were brie¯y rinsed in wash solution and subsequently incubated twice for 30 min in solution 1, rinsed and washed twice for 30 min and twice for 45 min in solution 3 (10.1% TWEEN 20), 200 ml wash solution each, on a rocker. All subsequent washes in TBST were extended to 10 min each, incubation with antibody, post-antibody washes and staining were done as described (Wilkinson, 1992) . Prior to staining, the embryos were transferred to a¯at bottom microtiter plate, staining was observed under a stereo microscope and reactions were stopped with several washes in PBT. When needed, embryos were cleared in 50% formamide in PBT.
Pattern con®rmation and sequence analysis
For con®rmation of speci®c expression patterns, plasmid DNA was prepared from midi cultures inoculated with bacteria from the 96-well re-pick master plate, cDNA inserts were ampli®ed from the plasmids by PCR, antisense transcripts were synthesized and analyzed again as before in 9.5 d.p.c. embryos. Clones for which the expression pattern was con®rmed were tag-sequenced using vector based primers. Sequencing reactions were performed with the ABI BigDye Terminator Cycle Sequencing kit (Perkin Elmer) and run on an ABI Prism 310 Genetic Analyzer (Perkin Elmer). Sequence data were evaluated with the Lasergene software package (DNASTAR) and sent via email servers to public data bases for comparison. The FASTA searching algorithm (Pearson and Lipman, 1988; Pearson, 1990 ) was used to search the EMBL Nucleotide Sequence Database and BLAST 2.0 (Altschul et al., 1990 (Altschul et al., , 1997 was used to search the GenBank`nr' (all non-redundant GenBank CDS translations 1 PDB 1 SwissProt 1 PIR 1 PRF) and`dbest' (non-redundant Database of GenBank 1 EMBL 1 DDBJ EST Divisions) data bases.
